Abstract: Improvement of mechanical properties in thermoplastics is experimentally investigated by solid-state extrusion at elevated temperatures. Hot extruded rods of thermoplastics such as polypropylene (PP), polyoxymethylene (POM), high-density polyethylene (HDPE), polycarbonate (PC) and polymethyl methacrylate (PMMA) are cooled rapidly under constrained strain recovery. Rods with 6 to 24mm in diameter can be extruded at elevated temperatures below the melting temperature and the glass transition temperature. A high degree of molecular orientation is observed for semicrystalline polymers extruded below the melting temperature. Uniaxial tensile tests, compressive tests and shear tests are made at room temperature. The stress-strain curves are affected by extrusion processing conditions, such as extrusion ratio, extrusion temperature and constrained strain recovery. Young's modulus and tensile strength of amorphous polymers in the extrusion direction is improved more than those in solid-state extruded rods cooled under free strain recovery. The maximum values can become approximately 6 to 7 times larger than those of virgin materials. The mechanical properties are improved with increasing extrusion ratio for crystalline and amorphous polymers, and decreasing extrusion temperature for amorphous polymers. The tensile modulus of extruded polymers is greater than the compressive modulus and the difference comes to be greater with increasing extrusion ratio. Shear strength of extruded rods is also higher than that of virgin materials.
INTRODUCTION
Large plastic deformation of thermoplastics in the solid state induces molecular orientation in the extended direction and achieves the enhancement of mechanical properties.
In previous studies, uniaxial extension was achieved by ram extrusion [1] [2] [3] [4] . Much subsequent research has been carried out on uniaxial extension, such as hydrostatic extrusion [5] [6] [7] [8] [9] , push-pull extrusion [10] , solid-state transverse extrusion by means of orientation dies [11] , die-drawing [12] [13] , rolling [14] [15] [16] [17] , roll-drawing [18] , roller-drawing [19] and rolltrusion [20] .
The design of structural components needs the mechanical properties necessary for component construction. It is necessary to achieve an understanding of the mechanical properties in oriented polymers. The mechanical properties of an oriented polymer depend upon its processing conditions. We should focus our attention on the general principles of the relationship between mechanical properties and process conditions.
In this study, the mechanical properties of thermoplastics extruded in the solid state under constrained strain recovery are investigated. The effects of extrusion processing conditions, such as extrusion rate, extrusion ratio and extrusion temperature, on the mechanical properties are also examined in some detail. Orientation development is also studied as a function of extrusion ratio.
MATERIALS AND EXPERIMENTAL PROCE-DURE

Materials
Four commercial rods, 16mm in diameter, of highdensity polyethylene HI-ZEX 5100B (Mitsui Petrochemical Co., Ltd.), polyoxymethylene DURACON M90 (Polyplastics Co., Ltd.), polymethyl methacrylate Delpet 60N (Asahi Chemical Industry Co., Ltd.) and polycarbonate Iupilon E-1000 (Mitsubishi Engineering-Plastics Co., Ltd.) were used for small-scale die extrusion, while two production rods, 32mm in diameter, of high-density polyethylene HI-ZEX 5000SR (Mitsui Petrochemical Co., Ltd.) and polypropylene J106W (Grand Polymer Co., Ltd.) were used for large-scale die extrusion. Table 1 represents meling points of semicrystalline polymers and glass transition temperatures of amorphous polymers. Billets were machined from the molded rods. The diameters and the lengths of the billets were 15.8mm and 50mm for the small-scale dies and 31.5mm and 60-70mm for the large-scale dies, respectively. Figure 1 shows the apparatus employed for small-scale extrusion. A similar apparatus was used for large-scale extrusion. The container and the extruding die were heated with electrical heaters and kept at the extrusion temperature T E . The sizing die was cooled by coolant. The cooling temperature is 20 . When the bore diameter d D of the extruding dies was the same as the bore diameter d S of the sizing dies, the hot extruded rods of polymers were cooled under constrained strain recovery. They were cooled under free strain recovery when
Extrusion
A series of circular-section and conical extruding dies with a fixed cone angle of 20° was used for all extrusions. The bore diameters of the extruding dies and sizing dies varied from 6.0 to 13.0mm for the small-scale dies and 10.0 to 23.0mm for the large-scale dies.
Loads were applied by a tensile testing machine (Toyo-Baldwin Co., Ltd. UTM-10T) at an extrusion rate V E =20mm/min and a conventional hydraulic press machine at high speed. The extrusion rate is defined as punch velocity. The nominal extrusion ratio R N is defined as
2 , where d B is billet diameter. However, the product is expected to be bigger than the bore diameter of extruding dies under free strain recovery and smaller than that under constrained strain recovery. The actual extrusion ratio R A is given by R A =(d B /d E ) 2 , where d E is final product diameter, and corresponds to the conventional draw ratio on the assumption that deformation occurs at a Fig.1 . Schematic representation of extrusion apparatus. constant volume. In order to represent degree of constraint, the sizing release ratio R S is also defined as
Tensile Test, Compressive Test and Shear Test
Tensile tests were carried out on the extruded polymers using a cross-head speed of 0.5 mm/min at room temperature. An axial extensometer was mounted on thetensile specimen. The maximum point on the load-stroke curve was taken as the tensile strength of the specimen. The tensile specimens with a radius of 15mm were machined to have a gauge length of 8mm in diameter and 10mm in length. As for the small-scale die extrudates (d D <10.0mm), the diameter of the tensile specimens was slightly smaller than 8mm.
Compressive tests were performed with two extensometers and a compression tool for applying the load to the test specimen at a cross-head speed of 0.5mm/min at room temperature. The compressive specimens were machined into cylinders of 10mm in diameter and 10mm in height with smooth, flat and parallel ends.
Shear tests were achieved using the apparatus shown in Figure 2 . The specimen was subjected to shearing on two faces, i.e., double shear. 
Molecular Orientation Measurement by Means of Microwaves
In order to measure the molecular orientation, we used the molecular orientation analyzer MOA-3020A (Oji Scientific Instruments Co., Ltd.). Details of principles and procedures for measuring the molecular orientation can be found in previous papers [21] [22] [23] . The thickness of samples cut from extruded rods in the extrusion direction was 1.0mm and the microwave frequency was 19.5GHz.
EXPERIMENTAL RESULTS AND DISCUSSION
Molecular Orientation
The molecular orientation ratio (MOR) value follows a linear trend with increasing actual extrusion ratio in the range of the extrusion ratio utilized, as shown in Figure 3 . The result is obtained for the semicrystalline polymers extruded with large-scale die. The molecular orientation analyzer method yields the complex dielectric constant and refractive index. The ratio of dielectric loss in the transverse direction to the machine direction increased with increasing draw ratio in PET film as reported in [22] . The MOR value and birefringence of PET are correlated [23] . The MOR value is defined with a ratio of the maximum to the minimum value of the transmitted microwave intensities and represents the degree of orientation. The MOR value is 1 for the random state of molecular orientation and higher with increasing degree of orientation. Thus, the extruded polymers have increasing degree of molecular orientation as the actual extrusion ratio increases. Figure 4 shows the influence of extrusion rate on stress-strain curves of PP extruded at the nominal extrusion ratio R N =3.96 and extrusion temperature T E =160°C under constrained strain recovery. The result is obtained Fig. 4 . Stress-strain curves of PP extruded at various extrusion rate. for the semicrystalline polymers extruded with large-scale die. The effect of extrusion rate on the stress-strain curve is found to be insignificant in the velocity range of 120 to 600 mm/min. There was a weak effect on the room-temperature modulus due to extrudate velocity with free strain recovery [8] . The effect of extrusion rate on extrusion load was clearly observed due to the strain rate dependence of the yield process in polymers [24, 25] .
Extrusion Rate
Extrusion Ratio and Constrained Strain Recovery
We first extruded billets of semicrystalline polymers in various combinations with a series of extruding dies and the sizing dies at constant extrusion temperature below the melting point, i.e., T E =125°C for HDPE and T E =155°C for POM. The diameter of products is similar to the bore diameter of sizing die, particularly under constrained strain recovery (R S =1.0). The largest one is obtained under free strain recovery. These are extruded with small-scale die. Figure 5 shows the effect of strain recovery on tensile International, 19-4, (2003-12) , in print.
ratio. nominal extrusion ratio. strength in oriented polymers. The tensile strength decreases with increasing sizing release ratio at a constant The highest tensile strength is observed under constrained strain recovery at the constant nominal extrusion ratio. The ratio of tensile strength under constrained strain recovery to that under free strain recovery is 1.59 at R N =5.09 in HDPE. Similar phenomenon is also observed for POM.
The tensile strength of POM and HDPE follows a linear trend with increasing actual extrusion ratio in the range of the extrusion ratio utilized, as shown in Figure 6 . That is, independently of the nominal extrusion ratio and the degree of strain recovery, the tensile strength of the extruded semicrystalline polymers was an unique function of the true extrusion ratio. The tensile strength attains a maximum value of 473MPa for POM and 174MPa for HDPE. These results are taken into account the size effect of the tensile specimens.
Hot extrusion of glassy polymers was carried out at constant extrusion temperatures below the glass transition Fig.7 . Relationships between Young's modulus and actual extrusion ratio of PC extruded under constrained and free strain recovery. Fig.8 . Relationships between tensile strength and actual extrusion ratio of PC and PMMA extruded under constrained and free strain recovery. temperature, i.e., T E =85°C for PMMA and T E =135°C for PC. Figures 7 and 8 show the effect of the constrained strain recovery on Young's modulus and tensile strength in oriented polymers.
These are extruded with small-scale die. The open symbols and filled symbols in these figures represent the results of extrudates under constrained and free strain recovery, respectively.
Young's modulus and tensile strength of both materialsincreased with increasing actual extrusion ratio, attaining maximum values such as 3.84GPa and 106MPa for PMMA or 3.96GPa and 180MPa for PC. These maximum values were obtained under constrained strain recovery. Young's modulus and tensile strength of extrudates under free strain recovery are smaller than those under constrained strain recovery at the same actual extrusion ratio. It seems that the constrained strain recovery restricts the mobility of amorphous chains and retains the amorphous orientation via extrusion. Figure 9 shows stress-strain curves of PMMA extruded at 85°C under constrained and free strain recovery. The solid lines and the dashed line in this figure represent the results for extrudates under constrained and free strain recovery, while the dot-dashed line represents that of the virgin material. Fig.9 . Stress-strain curves of PMMA extruded under constrained and free strain recovery.
As can be seen in this figure, the mechanical behavior of the specimens extruded under constrained strain recovery differs considerably from that extruded under free strain recovery. The brittle failure mode of the virgin material and the samples extruded under constrained strain recovery changes into the ductile behavior of extrudates experienecd free strain recovery. Although this phenomenon is observed first, we cannot interpret it so far.
Extrusion Temperature
Hot extrusion of glassy polymers was also carried out at various extrusion temperatures under constraint of strain recovery. As shown in Figure 10 International, 19-4, (2003-12) , in print. modulus and tensile strength increased with decreasing extrusion temperature.
These are extruded with small-scale die. It will be noted that PC extruded below the glass transition temperature (T g =152°C) uniformly deformed without showing a yield point or necking during tensile tests. Similar behavior was observed in PMMA.
As mentioned already, the tensile strength of extrudates decreases with increasing extrusion temperature, as shown in Fig.11 . One of the significant aspects noticed in Fig.11 is need to extrude under both low extrusion temperature and high extrusion ratio to attain the maximum value. The second point we should emphasize in Fig.11 is that the tensile strength of samples extruded above the glass transition temperature negligibly depends upon the nominal extrusion ratio. 
Comparisons between Tension and Compression
Mechanical properties of polymers depend on the mean stress or the hydrostatic stress [25] . To clarify this effect, we first conducted compression tests of the semicrystalline polymers extruded under constrained strain recovery and compared the compressive behavior with the tensile behavior. Fig.12 shows the stress-strain curves under tension and compression. These are extruded with large-scale die. As observed in this figure, both Young's modulus and strength increase with International, 19-4, (2003-12) , in print. Fig.13 . Variation of Young's modulus with actual extrusion ratio. increasing extrusion ratio under tension, while strength of extrudates under compression is almost constant, particularly at high extrusion ratio.
In compression, the aspect of local shear failure was apparent at the yield point, with a macroscopic slip band at higher deformation. The local shear failure of the extrudate at high actual extrusion ratio usually initiates and progresses with crystal break-up. This phenomenon was already reported in [26] . The low yield stress under compression may be associated with a high concentration of flexed molecules created by compressive strain within both crystalline and amorphous regions, and possibly with crystal breakup. The kink band was also observed by electron microscopy for highly oriented samples deformed along the fiber axis [1] . Fig. 13 shows Young's modulus as a function of actual extrusion ratio. Young's modulus under both tension and compression follows a linear trend with increasing actual extrusion ratio in the range of extrusion ratio utilized. Young's modulus under compression is lower than that under tension when the actual extrusion ratio is the same. The difference between Young's modulus under compression and tension is as large as the actual extrusion ratio is high. The hydrostatic-pressure-dependence of Young's modulus is also important for design, and mechanical modeling will be proposed in a future study. Fig.14 shows the shear strength of specimens extruded under constrained strain recovery as a function of actual extrusion ratio. Shear strength follows a linear trend with increasing actual extrusion ratio in the range of extrusion ratio utilized, and attains the maximum values of 107MPa for POM and 104MPa for HDPE. Shear strength also have same values regardless of the size effect of the specimen diameter. 
Shear Strength
CONCLUSIONS
Hot extrusions under constrained strain recovery were successfully conducted at temperatures below the melting temperature and glass transition temperature. The mechanical properties of oriented polymer rods have been studied comprehensively using hot extrusion under constrained strain recovery. The following conclusions are appropriate.
(1) The extruded polymers produce marked anisotropy of molecular orientation ratio. (2) The mechanical properties are strongly affected by extrusion ratio, extrusion temperature and constrained strain recovery. (3) Young's modulus and tensile strength of amorphous polymers extruded under constrained strain recovery are improved more than under free strain recovery at the same extrusion ratio. 
